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Sound Production Due to Large-Scale Coherent Structures
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The acoustic pressure fluctuations due to large-scale finite amplitude disturbances in a free turbulent shear
flow are calculated. The flow is decomposed into three component scales: the mean motion, the large-scale
wave-like disturbance, and the small-scale random turbulence. The effect of the large-scale structure on the flow
is isolated by applying both a spatial and phase average on the governing differential equations and by initially
taking the small-scale turbulence to be in energetic equilibrium with the mean flow. The subsequent temporal
evolution of the flow is computed from global energetic rate equations for the different component scales.
Lighthill’s theory is then applied to the region with the flowfield as the source and an observer located outside
the flowfield in a region of uniform velocity. Since the time history of all flow variables is known, a minimum of
simplifying assumptions for the Lighthill stress tensor is required, including no far-field approximations. A
phase average is used to isolate the pressure fluctuations due to the large-scale structure, and also to isolate the
dynamic process responsible. Variation of mean square pressure with distance from the source is computed to
determine the acoustic far-field location and decay rate, and, in addition, spectra at various acoustic field
locations are computed and analyzed. Also included are the effects of varying the growth and decay of the large-

scale disturbance on the sound produced.

I. Introduction

HE presence of large-scale coherent structures in tur-

bulent shear flows and their role in the sound generation
process have been the impetus for many recent scientific
studies. At present, both the acoustician and fluid dynamicist
are interested in these structures—the acoustician to un-
derstand the mechanisms responsible for the sound with a
view toward its subsequent suppression, and the fluid
dynamicist to understand the structure of turbulent flows.

For example, the existence of these quasi-ordered structures
was first observed by Corrsin,! but it was Townsend? who
emphasized the role played by these structures in the
development of the turbulent flow. At present a large portion
of experimental turbulence research is directed toward ob-
servation and isolation of these structures by flow
visualization and conditional sampling techniques (Laufer?
contains a review of the experimental research performed
prior to 1975). In fact from laboratory observations in free
turbulent shear flows,*5 it appears that the large-scale
structure is a manifestation of mean inflectional velocity
profile hydrodynamic instability and, as will be seen, it is this
observation which motivates the description of the large-scale
structure used here.

From the acoustician’s standpoint, the experimental results
concerning the role of these structures as sound generators
have been somewhat contradictory. Crow?¢ reported some
experiments in subsonic jets suggesting that these structures
were important as amplifiers of internal tones; however,
Moore’ produces results indicating that these structures do
not radiate significant acoustic power themselves, but found,
at high levels of jet excitation, an increase in radiated
broadband noise.

The above indicates a need for continued research into the
role the large-scale structures play in the sound generation
process. The purpose of this study then is to examine the
sound due to the large-scale (wavelike) structure in an infinite
free turbulent shear layer. Specifically, this work is a com-
putational study of a plane shear layer, which accounts, by
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way of a triple decomposition of the flowfield variables, for
three distinct component scales of motion (mean, wave,
turbulent), and from which the sound, due to the large-scale
wave-like structures, in the acoustic field can be isolated by a
simple phase average.

On the theoretical side, there have been varied attempts at
computing noise from flowfields. For example, attempts at
computing noise from discrete vortex models of flowfields
have been made by Davies et al.® and Hardin and Mason,®
who computed noise from a jet flow and from the flow over
the mouth of a cavity, respectively. On the other hand,
Ffowcs Williams and Kempton!® modeled the large-scale
structure of the jet as an instability wave that spatially grows
and decays in amplitude. In addition, they also used a vortex
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Fig. I Mean velocity profile.
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model to study the effect of coalescence on the sound
generation process. Although the details of the flow and the
dynamical processes involved differed, both Liu!' and
Morris 2 have examined the near-field noise produced by the
large-scale wavelike structure in a jet using a triple decom-
position technique to isolate the large-scale structure.

As mentioned previously, the goal here is to compute the
sound caused by the wavelike structures in a free turbulent
flow; however, in this study, Lighthill’s theory is applied to
the flowfield (source region) and, through the use of a phase
average, the sound emitted, due to the large-scale structures,
to the acoustic field is computed. The mathematical
description of the flowfield in this work is governed by the
results of Liu and Merkine, !* who decomposed the flowfield
variables of a plane turbulent shear layer into three com-
ponents (mean, wave, and turbulent) and solved averaged
energetic rate equations to determine the temporal evolution
of both the large- and small-scale components. This temporal
evolution is characterized by a growth and decay cycle for the
wave energy. The mathematical description of the acoustic
field is governed by Lighthill’s theory and the appropriate
solution integral of a convected wave equation for the
pressure fluctuations. With the application of a phase average
to the solution integral, the significant contribution to the
pressure signal, due to the presence of the large-scale wave-
like structure in the flow, is isolated. In addition, the effect of
certain flow parameters on the level of sound produced is
examined.

II. Mathematical Formulation of Flow Problem

Consider a free turbulent shear flow with the mean flow
formed by the intersection of two horizontally parallel
streams (see Fig. 1) flowing in opposite directions. The small-
scale turbulence is assumed to have evolved to a self-
preserving state and is in energetic equilibrium with the mean
flow. At some instant (£=0), a large-scale instability wave-
like structure is superimposed on this equilibrium field. Thus,
at the initial time ¢=0, the flow is characterized by three
distinct scales of motion (mean, wave, and turbulent). Since
the mean flow and mean turbulent motions are independent
of the horizontal x coordinate, the flow in the x direction is
spatially periodic (with wavelength corresponding to that of
the instability wave) and of infinite extent. The large-scale
wavelike structure is taken as two-dimensional and spans the
x-y (transverse direction) plane, and the small-scale tur-
bulence is three-dimensional, but homogeneous in both the x
and z (spanwise) directions. Figure 2 contains a sketch of the
flow (source) field, with the distributions of mean velocity
and mean Reynolds stress shown. Since the large- and small-
scale motions are functions of time, the subsequent temporal
evolution of these components is followed by solving the
respective energetic rate equations. Gatski and Liu'4 have
performed a computational study of this flow, but with the
nonlinear evolution of the flow governed by differential rate
equations for the various flow variables. In general, using this
completely numerical approach to calculate the sound would
be desirable, since in complicated flows a discrete distribution
of flow variables is always computed and the techniques
developed would be directly applicable. However, attempts to
date to use this formulation have proved costly in terms of
computer resources, thus making it necessary to consider, in
this first attempt, the averaged energetic rate equation ap-
proach of Liu and Merkine!3 (hereafter denoted by LM). It
should be noted that the LM approach does allow for the
isolation of the large-scale structures in the sound calculations
and, in comparison with the results of Ref. 14, reveal a similar
behavior in the temporal evolution of the wave and turbulent
energies (an important characteristic in the sound
calculation), but a difference in the detailed transverse spatial
distribution of the flow variables.

Since the flow formulation follows that of LM, only the
essential features will be presented here; for further details the
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Fig. 2 Sketch of source and acoustic fields.

4.0 —

Turbulent Energy, E(t)

Energy
E(),. AX

2.0 |-

Wave Energy, Ay

L { |
10 20 30 40
Flow Time, t

Fig.3 Temporal evolution of wave and turbulent energies.

reader is referred to Ref. 13. In addition, throughout the
paper all quantities are made dimensionless by the half-
velocity difference 2AU=1U; and an initial shear layer
thickness ¢, (defined as the variance of the velocity gradient
distribution, [{y?U,dy/fU,dy)**. The averaged kinetic energy
equation for the large structure can be written as

LU @ e
- v’ = —uo—dy—
2drl-= Y J—o ay Y J —oo
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where (x,y,t), U(x,y,1) are the dimensionless horizontal (x-
component) and vertical (y-component) large-scale velocities,
U(y) is the dimensionless mean flow horizontal velocity,
Fi(x,y,t) is the wave-induced stress tensor, and u’ (x,y,2,1),
v’ (x,»,2,t) are the dimensionless x and y small-scale tur-
bulent velocity components, respectively. The angular
brackets denote a phase average and the overbar denotes a
horizontal average over at least one wavelength of the large-
scale wavelike structure. It should be noted that in Eq. (1) we
have taken the integrated viscous dissipation to be small.
Equation (1) simply states that the change of large-scale
energy is due to that interchanged between the mean flow and
large-scale structure and the energy /ost to the small-scale
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turbulence.!* Next, consider the averaged small-scale tur-
bulent kinetic energy equation

% %
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where ¢ is the averaged integrated viscous dissipation. Since
the turbulence is three-dimensional, Eq. (3) contains the
spanwise (z-component) velocity w’. The rate of change of the
averaged turbulent kinetic energy results from a gain of
energy by the action of the mean Reynolds stresses on the
mean velocity gradient, a gain of energy due to the interaction
of the wave-induced stresses and wave velocity gradients, and
a loss of energy by the action of small-scale viscous
dissipation. As can be seen from the above energy equations,
a great many closure problems, such as those involving the
pressure-strain correlation, have been eliminated by the in-
tegral formulation that has been used. The remaining
unknown terms are handled by means of various shape
assumptions.

Continuing with the development of LM, one can im-

mediately write the shape assumptions for the mean velocity-

and mean Reynolds stresses. Since for the purpose of this
study it is sufficient to consider the parallel flow case, the
mean velocity profile can be written as

U=tanhy 4)

and the mean Reynolds stress can be written as

u’? 1428 ]
v ~2EW0) =6 e~¥ 5)
w2 3Vr 1-3
—u'v’ 1-8
Cr

where B represents the ratio of the time scale for return to
isotropy to that of dissipation and c; represents the ratio of
the rate of strain time scale to that of return to isotropy. From
the results of Lumley!S for the homogeneous shear problem,
the constant coefficients 8 and c; are equal to 0.242 and
1.445, respectively. The functional form of the vertical
distribution is assumed from the results of Wygnanski and
Fiedler !¢ for a two-dimensional mixing region. Finally, the
time history of the evolution of the total turbulent kinetic
energy is contained in the function £(¢). The most important
aspect of this shape assumption for the mean Reynolds stress
tensor is the fact that this is an equilibrium form, giving a
balance (in the abserice of the wave) between mean flow
energy production and viscous dissipation. In addition, the
above spatial distributions are representative of self-
preserving distributions, and such an energetic equilibrium, in
terms of self-preserving variables, can be achieved from a
solution of differential rate equations for this flow.'* Thus,
any subsequent evolution of the energy as described by E(r) is
due solely to the integrated interaction between the wave-
induced stresses and the disturbance velocity gradients. It
should be noted that if the flow were inhomogeneous in the
streamwise direction, it would be necessary to account for this
flow divergence through a mean flow rate equation. In ad-
dition, since the shear layer thickness would be increasing, the
(local) wavenumber and frequency would become a function
of position.!” The formulation presented here is most ap-
propriate for regions of the flow where a locally parallel flow
assumption can be made. Next, the shape functions for the
large-scale wavelike structures are established.
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The spatial distributions for the wave are taken from linear
theory, while the temporal evolution is governed by an am-
plitude function A(¢), which is solved for simultaneously
with the turbulent function E(¢). The disturbance velocities
are written as

axnt) ] _ ®, (y;a) ‘
[ v(x,),1) ] =A(1) [ iad (o) ]exp(lax) +c.c. (6)

where & is the disturbance eigenfunction, « is the local
wavenumber and c.c. denotes the complex conjugate of the
first term on the right-hand side. The structure of the wave-
induced stresses can be inferred from the shape functions for
the wave velocities and mean Reynolds stresses. Since the
wave-induced stresses are essentially perturbations, caused by
the presence of the wave, of the mean Reynolds stresses, it is
consistent to write the shape functions for the wave-induced
stresses as

Fi=A()E()ri(y,a)expliox) +c.c. @)
As was shown in LM, the eigenfunctions satisfy the Rayleigh

equation, to lowest order, and the wave-induced stresses
satisfy the linearized transport equations '8
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where ¢ is the wave velocity (in this temporal instability
problem ¢ is pure imaginary), U, is the mean velocity
gradient, 7 is the time scale for return to isotropy, and the ¢
are solutions to the Rayleigh equation (i.e., $=¢ to lowest
order). Note that the pressure-strain correlation has been
modeled following Rotta!® (see also Lumley's), and the
dissipation has been assumed proportional to the trace of the
wave-induced stress tensor matrix with no variation of the
time scale 7 allowed. Finally, there is one further sim-
plification that can be made at this point. Since the mean flow
does not change in this problem, the production of small-scale
turbulent energy in Eq. (3) is only altered through the time
history of the turbulent energy E(r). In addition, as was seen
in the closure of the equations for the wave-induced stresses,
the time scale for return to isotropy was not altered by the
presence of the wave and the viscous dissipation of the large-
scale wave was neglected. In light of the time scale similarity
between return to isotropy and dissipation (8 =const.!%), an
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unperturbed time scale for return to isotropy means an un-
perturbed time scale for dissipation; thus, implying that the
small-scale energy dissipation is in quasiequilibrium with the
small-scale energy production throughout the temporal
evolution of the wave energy. It should be emphasized that
this approximate balance between small-scale turbulent
energy production and dissipation is an artifact of the parallel
flow assumption and the equilibrium spatial distribution
assumed for the shape functions of the mean Reynolds
stresses, Eq. (5). In the absence of such assumptions, as was
the case in Gatski and Liu,'* the expected result that both
small-scale energy production and dissipation varied as a
function of time was obtained.

An examination of Eqs. (1-8) shows that the spatial
distributions of all variables have either been assumed [Eqgs.
(4) and (5) for the mean velocity and mean Reynolds stresses]
or can be obtained through the numerical solution of ordinary
differential equations (the Rayleigh equation for the eigen-
functions and the transport equations for the wave-induced
stresses). With this information, the averaged energetic rate
equations for the large-scale energy, Eq. (1), and the smali-
scale energy, Eq. (3), reduce to the following equations for
A?(t) and E(r) (Ref. 13)

dA4-? -
=A21_—A2FE],
dt rs wf (9a)
dE
— =AZEI,
= (9b)
where
irs(a)‘—‘iagiw (667 66, )sechZydy (10)
I, (@) :S ! (=i} +r! g, ) +r72 (6], +ale®)
+r2% (6, +a?¢) +r2 (iadh) +r2*(—iad,)dy an

(the asterisk denotes complex conjugate); with initial con-
ditions at t=0: A?=A47} and E=E,. For the most amplified
disturbance of the hyperbolic tangent profile, o =0.4446 (Ref.
20), the interaction integrals I,, and I,, are equal to 0.3804
and 0.5760, respectively. Of course, in the numerical
evaluation of the integrals, the limits of integration are finite
and are taken to be sufficiently large to include all significant
contributions. The value for 7, is quite close to that obtained
by LM; however, the value for 7, is slightly different. The
exact reason for the discrepancy is unknown, but may be
attributed to too coarse a mesh in the integration of the in-
teraction integral; however, a check on the results in Sec. 1V
using the LM value of 7, produced no qualitative change in
the wave and turbulent kinetic energy profiles. It should be
noted that the vector diagrams for the eigenfunctions ¢ (recall
$=¢) and their derivatives and the wave-induced stresses
were found to correspond to those obtained by LM.

Unless otherwise noted, the values A7=10-* and E,=
10 -2 were taken for the initial wave and turbulent energies,
respectively, throughout this study. This corresponds to a
rather weak perturbation energy relative to the small-scale
turbulent energy. The specification of the initial conditions
allows the set of equations in Eq. (9) to be solved (by fourth
order Runge-Kutta). In Fig. 3, the resulting temporal
behavior of the solution functions A2 (¢), wave energy, and
E(t), small-scale turbulent energy, are shown (cf. Ref. 14).
As can be seen [refer to Egs. (9)], the initial rate of change of
wave energy is positive, thus causing both the wave and small-
scale energies to grow; however, at some time, the energy
drain from the large- to the small-scale balances, and then
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exceeds, the production of large-scale energy, thus causing the
subsequent decay of the large-scale energy and the stabilizing
of the small-scale energy at a new higher equilibrium level.

Finally, an examination of Egs. (4-7) for the mean and
wave velocities and stresses reveals that both their temporal
and spatial behavior is now known. With this information the
flowfield is sufficiently determined to utilize Lighthill’s
theory and compute the noise from this source field.

Mathematical Formulation of Acoustic Problem

The source region is the flow domain and outside of the
source region, in the acoustic field, the observer is in a region
of nonzero uniform velocity (Fig. 2). In addition, since the
Lighthill acoustic analogy is being applied to the flowfield, it
is unnecessary to take into account any effect of the
nonuniform mean velocity on the sound propagation within
the source region. However, since the source propagates
through a uniformly moving medium, it is necessary to write a
convective form of the wave equation for the density fluc-
tuations, 2!

D2p 1 9% 327,

e — ——— = 12

D2 M? ox;0x;  9x,0x; (12)
where

D d

—=—=+U, —, U,=1

Dt * ax ( )

M(=U,/a,, a, is the ambient speed of sound} is the
freestream Mach number, 7; is the Lighthill stress tensor,
and, as before, all the variables have been made dimensionless
by the half-velocity difference, shear layer thickness, and
ambient density p,. The usual general form of 7T can be
simplified by noting that the flow here is subsonic and
isotropic, that viscous effects have been neglected relative to
the Reynolds stresses, and that density fluctuations are
assumed negligible within the source region. With these
assumptions, one can write for the dimensionless stress tensor

T;=uu, (13)

where the velocities are referenced relative to coordinate axes
moving with the freestream velocity U_. Since Crow’s??
analysis showed that, to lowest order, u, is the solenoidal
velocity, it can be decomposed into its three component
velocities and written as

u,=(U~U,)by+ i +uj (14)
mean wave small-scale
turbulence

where, after applying a phase average,
(uy=(U-U,)é,+1, (135)

The solution to the inhomogeneous convective wave
equation (12) can be written in terms of the pressure fluc-
tuations as?3:

- 1 1
p(g‘,,t):ESH;TU-J,(x,y,t)dzdydx (16)

vol

where
(=1+[M({; —x) —riM/B3,
r={(5=x) 2485 —y) 2+ (5 -2 21
Bi=1-M?

{; are the coordinates of the observer in the acoustic field,
and, as can be seen, no far-field approximations have been
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made. It is necessary at this point to elaborate on the volume
integration needed in Eq. (16). Even though homogeneity was
assumed in the z direction (3/3z=0) in the flow problem, the
variables ¢ and r are both functions of z; thus making it
desirable to include an integration of unit length (z= —0.5 to
z=0.5) in theé z direction. Other workers>*?® have also ac-
counted for this direction, even though their essential flow
dynamics have also been in a plane perpendicular to this
direction. For example, Michalke,?”® who used a two-
dimensional linear instability wave model for the disturbance
flow, was able to obtain a known analytic function (Hankel
function) using infinite limits of integration in the z direction.
Powell,? who used a vortex model, computed solutions per
unit length in the z direction, and Hardin,?® who also used a
vortex model, assumed an effective length in the z direction.
The remaining integrations in the y and x directions are fixed
by the dynamics of the flow itself. In the y direction, the limits
of integration are set at the points where the eigenfunctions ¢
and ¢, are at least an order of magnitude smaller than the
values at the center of the shear layer. This region then in-
cludes a large portion of the flowfield where the variation of
mean flow velocity is zero and the disturbance energetics are
negligible. In the x direction, the size of the integration region
was fixed after the retarded times, determined by varying the
x bounds of the regions, were less than the initial time (r=0)
when the large-scale wave was superimposed on the
equilibrium turbulent flow.

As mentioned in previous sections, the interest in this work
is in the sound caused by the large-scale structures. This
contribution to the pressure fluctuations in the acoustic field
can be determined by applying a phase average to Eq. (16),

D= Slﬁém-,,,»dzdydx an

where
(T =Ty ) + 24T 00y + (T 20> =2{(i, ) >

+ (U, +i1,) 0]+ L+ 2P+ + (07 7)),

and the integrand is evaluated at a retarded time. The above
expression for the stress tensor is composed of the usual self
and shear noise terms; in addition, there are gradients of the
wave-induced and mean (spatial) Reynolds stresses present.
These stress tensor gradients are due to the presence of the
wave and the application of the phase average. If the shape
functions are substituted into Eq. (17), the resulting com-
ponent expression for the pressure fluctuations is

P=Psn +Psun +Pwisc + Putsc (18)
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Fig. 4 Spatial variation of mean square pressure.
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with self noise:
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wave-induced stress gradients:
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mean turbulent stress gradient:
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where

o=lole?, 6, =lo,le?, o, =8, le"

1 12 22
Ille.ﬁ ) r12= |r12|e.6 22|e|6

rii=1r , r2=1r
and the phase angles are functions of y. Recall that the ver-
tical (y) distribution of the eigenfunctions and wave-induced
stresses were numerically computed from the Rayleigh
equation and Eq. (8), respectively. This requires finite-
difference approximations for all y derivatives; for example,
from Eq. (21)

o
r}{f:— A_y [ |r’2|j+,sin(ax+ [012]j+1)

~1r72 1, sin(ax+ [872],_,) 1 +0(Ay?) (3

rZ=(Ay) 72 [1r?21;, jcos(ax+ [67];,,)
—21r?2] cos(ax+ [67]))

+ 1221, cosax +[6%21,_;)1+ 0(Ay?) (24)

where Ay is the spacing between grid points and the difference
approximations are taken about the grid point j. Since the
discrete distribution of the integrands is known as a function
of both space and time, the integrals in Eqgs. (19-22) can be
evaluated. It is interesting in the present formulation to note
that, in the absence of the wave (either for <0 or at the end
of the decay cycle =35, see Fig. 3), the only contribution to p
is from the mean turbulence stress gradient, Eq. (22).
However, in the absence of the wave, the small-scale tur-
bulence and mean flow are in energetic equilibrium thus
making the rate of change of mean small-scale energy a
constant and therefore producing no sound in the acoustic far
field. Now that the theoretical development is complete, the
pressure fluctuations in the acoustic field can be computed.

IV. Results

As mentioned in the previous section, no far-field ap-
proximations have been made in the solution integral of Eq.
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(17). However, as it is the goal here to examine the acoustic
far field, it is necessary to examine the mean square acoustic
pressure for its variation with distance from the source region.
For a point source, the far-field variation of the mean square
pressure is the inverse square law; however, in this problem
the source is dominated by the two-dimensional dynamics of
the flow. The spanwise z coordinate here plays a role similar
to that played in the Michalke?* problem as far as spatial
variation of mean square pressure in the far field is con-
cerned. In the Michalke work, the instability had the usual
exponential traveling wave form from which, upon in-
tegration in the z direction (with infinite limits of integration)
yielded a Hankel function distribution in the x and y direc-
tions. In this work, the functional form of the instability is
unknown and the acoustic far-field behavior must be com-
puted, although the Michalke result can certainly serve as a
guide as far as any far-field mean square pressure decay is
concerned. The variation of p? with distance from the shear
layer is shown in Fig. 4. Note that the decay with distance is
quicker than {7/ (note, this is mean square pressure), but
considering the limits of integration, which are finite and
dependent on the temporal length of the growth and decay
cycle of the wave energy, the trend is evident and consistent 2
with an essentially two-dimensional flowfield.

Consider the sound signal at the observer point (¢, =0,
¢ =200, ¢;=0), which, from the results of Fig. 4, is taken
here to be in the acoustic far field. (Note that in the remainder
of this paper all observer locations will be fixed by the ¢,
coordinate, since all the results presented are in the {,-{,
plane, {; =0, and at the same origin point {; =0.) In Fig. §,
the computed acoustic pressure fluctuations are plotted as a
function of time. This “‘signal”” was formed by computing a
pressure value every Af=1.25. This sampling frequency
results from the fact that the Strouhal number (=/5,/U,) of
acoustic far-field pressure fluctuations produced by the large-
scale structure is «/27M. In this problem, the Mach number
(=Uy/a,) of the flow is 0.3 and the wave number (dimen-
sionless) of the most amplified disturbance (for the hyperbolic
tangent velocity profile) is 0.4446; thus giving a Strouhal
number of 0.24. The value of Af used is less than the
corresponding calculated period and is a compromise between
resolution and computational time. It should be noted that the
pressure signal does not reach the observer at {, =200 until an
elapsed time of ¢=60 (where (=0 corresponds to the
beginning of wave growth). This is due to the sonic
propagation velocity from the source region where, in
dimensionless variables, r=M{¢,. The length of the source
record used was 200 (from =60 to {=260) and was deter-
mined by the number of samples necessary to get a relatively
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stationary value for p? (note that all the results presented here
were based on pressure signals of temporal length 200).

It is instructive at this point to compare the time history of
the wave and turbulent energies (Fig. 3) with the time history
of the pressure fluctuations at the observer point {, =200
(Fig. 5), since all flow time history effects are contained in the
functions A (1) and E(¢) [see Egs. (19-22)]. The most striking
difference between Figs. 3 and 5 is the apparent abundance of
frequencies present in the pressure signal. This is due to the
fact that the inclusion of retarded time effects causes different
regions of the source (flow) to contribute, at different flow
times, to the pressure fluctuation p at a fixed observer time.
For example, at large enough observer times, when the entire
time history of the source (flow), 0<¢ <385, is included in the
computation of a fluctuating pressure value at a fixed ob-
server time, the source (flow) region contributing at flow
times of 7, to t, is out of phase with the source (flow) region
contributing at flow times of ¢; to 7,. It is important to em-
phasize that, because of the differing contributions to the
total fluctuating pressure signal from different source (flow)
regions, it is essential that the source region be large enough
so as to include all flow time effects back to =0 (recall that
for 1<0, and also for #=35, no sound was produced). This
source region size directly applies to the horizontal x coor-
dinate (making it nonarbitrary and dependent on the flow
dynamics), since, as was stated earlier, the y coordinate limits
are fixed by the flow dynamics and the z coordinate limits are
arbitrary, but predetermined. It will become apparent later
which ranges of flow times are important in the sound
production process.

The spectrum of the computed pressure signal at {, =200 is
shown in Fig. 6. The figure shows that the spectrum is
narrow-band with the peak occurring at a Strouhal number of
0.175. It should be noted that the calculated Strouhal number
of 0.24 did not account for any Doppler effect which, of
course, does occur here, since the sound is propagating in a
uniformly moving medium. The absence of any broadband
noise in the spectrum is an artifact of the isolation of the
large-scale structure effects by the phase average. In the flow
formulation used here,'® the spatial size and shape of the
large-scale wave does not change, but the amplitude of the
structure does change, as a function of time; thus, possibly
also precluding the existence of broadband noise sources.
There are other local maxima in the pressure spectrum shown.
Since these maxima are smeared somewhat at this large ob-
server distance, it is instructive to look at the pressure
spectrum at shorter observer distances (see Figs. 7a, b, ¢). As
is seen for ¢, =50, Fig. 7a, the harmonic (with respect to the
wavelength of the initial instability wave) spikes are quite
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distinct; however, as the observer distance increases (Figs. 7b,
7¢) other local maxima begin to appear and the harmonic
features are lost.

One of the more pertinent questions to ask at this point is
which of the four components of the total pressure signal,
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discussed in the previous section, contributes significantly to
the acoustic radiation. This question can be easily answered in
light of the formulation used in this work. For example, each
contribution to the pressure signal—the self-noise, the shear
noise, the wave-induced stress gradients, and the mean tur-
bulent stress gradient, Egs. (19-22)—can be isolated and its
contribution determined. Such an analysis showed that the
wave-induced stress gradients were the most significant
contributors to the total pressure signal. This indicates that
the overall sound produced is not a manifestation of only the
large or small scales but rather a by-product of the interaction
of the two scales as represented by the wave-induced stresses.
This finding also sheds additional light on the experimental
results of Moore,” who found that all the extra broadband
noise comes from the area where the wave breaks. Ffowcs
Williams and Kempton '” suggest that this indicates that ““it is
the large-scale structure itself, and not an increase in
background turbulence, which makes the extra broadband
noise.”” Even though there is no phase randomness (as in
Ffowcs Williams and Kempton) explicitly included in this
model, the above result indicating the importance of the
wave-induced stresses also supports Moore’s result, since an
increase in wave amplitude (additional forcing) would in-
crease the wave-induced perturbations on the small-scale
(random) turbulent stress field. This would have a dispersing
effect on the sound field, thus generating more broad-band
noise. It should be pointed out that the parallel flow
assumption has precluded any change in the mean velocity
distribution. In a real flow, the shear noise terms would be
affected through a change in the spatial distribution of the
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mean velocity. However, in such a diverging flow, as the shear
layer thickens (increasing source region size) the value of
maximum mean shear decreases, thus making it unclear how
these two. effects would alter (if at all) the contribution of the
shear noise term.

Another result obtained here for a wave with no phase
randomness, but consistent with the results of Ffowcs
Williams and Kempton,'? is that the sound decreases for a
decrease in large-scale disturbance amplitude and a decrease
in the rate of change of disturbance amplitude at the ‘‘break-
point’’ where transition from growth to decay occurs (even
though the disturbance in Ref. 10 varied spatially, an analogy
can be made here). To show this effect, let the initial turbulent
energy E, be changed to 10~ '. This causes the maximum
wave energy, A2, to decrease to 0.6855 (from A2, =2.116
for the case E,=10"2, A3=10"*) and for the temporal
location of the break-point, r,,,, to shift to 29.5 (from
tmax = 27.5 for the case E, =10 "2, A7 =10"*). A comparison
of the two cases is shown in Fig. 8, with the wave amplitudes
normalized by the respective A, and the time axis origin
centered about the respective ¢,,,,, . Two changes have occurred
in the wave amplitude temporal distribution by changing the
initial small-scale turbulent energy from E,=10"° to
Ey=10""1 (with AZ=10"%): The first is that the maximum
wave amplitude A, at the break-point 7, has decreased
43% and the second is that the rate of change of wave
disturbance amplitude has decreased. This means that the
sound produced should be less than that computed for
¢, =200 earlier (see Fig. 6). In Fig. 9, a comparison of the two
pressure spectra (with arbitrary normalization) is shown,
which indeed shows a decrease in the amplitude (=20 dB) of
the spectrum at the peak frequency consistent with the results
of Ref. 10. It should be noted that this reduction in peak
spectral amplitude is not due solely to the reduction in wave
amplitude. Recall that the chief contributor to the pressure
signal was the wave-induced stress gradients. As can be seen
from Eq. (21), the time history effects are represented by the
product of both the wave and turbulent energies. As a point of
comparison, consider this product at f,,, (see Fig. 8) for both
cases of interest, that is, for the cases A3=10"%, E,=10"2,
and A7=10"%, and E,=10"". For the case E,=10 "2, the
product A (7. )E(fma) is equal to 0.92, and for the case
E,=10"", the product equals 0.52. The reduction in
A E(tna) 18 less than a factor of 2, whereas the
reduction in peak spectral amplitude is a factor of 10. This, of
course, implies that the time scale over which the amplitude of
the disturbance changes significantly is also a factor in the
amount the sound is reduced.

This work has provided a means of bringing some of the
difficulties of computing noise directly from a discrete
distribution of flow variables, obtained from conservation
and transport equations, into better focus as well as to shed
additional light on the connection between the sound
produced and the flow mechanisms responsible. Even though
in more complicated flows the representation of the large-
scale structure is not as straightforward as used here and more
sophisticated averaging techniques and representations of the
flow may be required, the overall approach taken in this study
appears to be applicable in computing the sound due to large-
scale coherent structures in turbulent flowfields.
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